Several models of cancer have been generated in zebrafish. Owing to space constraints, we will focus exclusively on heritable tumor models in the zebrafish. These are summarized in Tables 1 and 2. Table 1 lists all models according to cancer type and organ affected. The vast majority are transgenic lines expressing oncogenes driven by tissue-specific or ubiquitous promoters. Table 2 summarizes the genetic mutants that have provided evidence for the function of genes as tumor suppressors, and that were identified as TILLING (targeting induced local lesions in genomes) mutants or through forward genetic screens, and further investigated to show their mode of action. Excellent recent reviews describe all of these models in detail and list alternative approaches, such as the use of the zebrafish as a recipient for xenotransplantation of cancer cells, and the use of the zebrafish embryo to dissect the role of oncogenes and the biochemical signals that are activated in different cancer types (Amatruda and Patton, 2008; Stoletov and Klemke, 2008; Marques et al., 2009; Payne and Look, 2009; Taylor and Zon, 2009; Weiss et al., 2009) . The bias in the choice of tissue-specific promoters used to generate the transgenic lines reflects the interest of the zebrafish labs that were engaged in the first generation of cancer models. The use of human oncogenes, often in conjunction with fluorescent reporters to aid the monitoring of tumor initiation and progression, and the isolation and in vivo imaging of cancer cells, demonstrated the cross-species ability of oncogenes to transform zebrafish cells.
What is the utility of zebrafish cancer models?
To illustrate the advantages of the zebrafish cancer models, we provide examples of two groups of tumor models where the zebrafish has and will continue to provide important insights: melanoma and leukemia. Elegant studies on pancreatic adenocarcinoma (Park et al., 2008) , sarcomas (Ju et al., 2009 ), intestinal hyperplasia (Haramis et al., 2006; Phelps et al., 2009 ) and other solid tumors have also been described in zebrafish; however, the space constraints of this article do not allow for a detailed discussion of these models here, but they are covered by some excellent recent reviews (Amatruda and Patton, 2008; . The first fish melanoma model was reported in the 1920s in a closely related teleost, Xiphophorus maculatus. Hybrids between Xiphophorus maculatus and Xiphophorus hellerii developed melanoma when backcrossed. These hybrids carry the epidermal growth factor (EGF) receptor Xmrk and have lost a genetic modifier (known as R locus) that represses oncogenic Xmrk functions, leading to a high incidence of melanoma. These fish allowed for the investigation of anti-apoptotic and pro-proliferative pathways that are regulated by the oncogenic Xmrk (Meierjohann and Schartl, 2006) , which is responsible for the disease manifestations. Recently, transgenesis was used to generate a strain of medaka carrying the Xmrk oncogene under the microphtalmia A (mitfa) promoter (Schartl et al., 2009) .
Transgenic zebrafish melanoma models that use regulatory sequences of the mitfa gene to drive the expression of different oncogenes have been generated. In the Zon laboratory, the human oncogenes used were the frequently mutated BRAFV600E (Patton et al., 2005) and, more recently, mutant NRASQ61K 
PRIMER
For the last three decades significant parts of national science budgets, and international and private funding worldwide, have been dedicated to cancer research. This has resulted in a number of important scientific findings. Studies in tissue culture have multiplied our knowledge of cancer cell pathophysiology, mechanisms of transformation and strategies of survival of cancer cells, revealing therapeutically exploitable differences to normal cells. Rodent animal models have provided important insights on the developmental biology of cancer cells and on host responses to the transformed cells. However, the rate of death from some malignancies is still high, and the incidence of cancer is increasing in the western hemisphere. Alternative animal models are needed, where cancer cell biology, developmental biology and treatment can be studied in an integrated way. The zebrafish offers a number of features, such as its rapid development, tractable genetics, suitability for in vivo imaging and chemical screening, that make it an attractive model to cancer researchers. This Primer will provide a synopsis of the different cancer models generated by the zebrafish community to date. It will discuss the use of these models to further our understanding of the mechanisms of cancer development, and to promote drug discovery. The article was inspired by a workshop on the topic held in July 2009 in Spoleto, Italy, where a number of new zebrafish cancer models were presented. The overarching goal of the article is aimed at raising the awareness of basic researchers, as well as clinicians, to the versatility of this emerging alternative animal model of cancer.
mutations are found with a high frequency in human melanoma, suggesting that they may play a causative role. However, to develop melanoma, both strains also need to carry inactivating mutations in p53 .
Using the mitfa promoter, the Hurlstone lab generated a transgenic line expressing mutant HRAS in melanocytes (Michailidou et al., 2009 ). Development of melanoma in these zebrafish is rare, but can be accelerated easily by activating mutations in the phosphoinositide 3-kinase (PI3K) pathway, thus confirming the role of this pathway in malignant transformation downstream of HRAS. The same oncogene was used by Santoriello (Anelli et al., 2009 ) to generate a double transgenic line that, subsequent to the expression of enhanced green fluorescent protein (eGFP)-HRASV12 driven by the kita promoter in melanocyte precursors, develops melanoma in only 3-4 weeks and without the need for additional mutations in tumor suppressors. In addition, this line has a strong larval hyperpigmentation phenotype, thus representing an ideal background for large-scale chemical screens (see below). The mitfa promoter-driven mutant NRASQ61K melanoma model on the p53-/-background has also been used to derive a gene expression profile of melanoma cells in zebrafish .
What aspects of these models could provide important information for the clinic?
First, the ability of oncogenes to induce melanoma seems to be correlated with the cells targeted by the different promoters (mitfa versus Xmrk or kita) rather than the oncogene itself. Second, the need for coinciding mutations in tumor suppressors that are already known in humans, but with a different range (p16 ARF rather than p53), suggests that tumor suppressors are interchangeable. Third, zebrafish models offer the possibility to harvest very well-defined stages of the disease. Fourth, the presence of a larval phenotype could provide a very valuable platform for high-throughput chemical screens. Finally, the use of 'enhancer' and 'suppressor' screens to detect new tumor suppressors or genetic modifiers that are important in melanoma development is also feasible.
Most importantly, the transparent zebrafish provides a unique angle to evaluate host responses, not only to transplanted human tumor cells (Nicoli et al., 2007; Stoletov et al., 2007; Lee et al., 2009) , but also to endogenous, oncogene-transformed cells; this provides unique opportunities to follow tumor angiogenesis and immune responses. An example of the power of the zebrafish for in vivo studies of immune responses to cancer cells arising at larval stages is shown in Fig. 1 , where a group of GFP-labeled, oncogene-transformed cells
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Zebrafish cancer models AML, acute myeloid leukemia; B-ALL, B-cell acute lymphoid leukemia; T-ALL, T-cell acute lymphoid leukemia; CA, carcinoma; ENU, N-ethyl-N-nitrosourea. is attacked by red fluorescent protein (RFP)-positive macrophages.
PRIMER
Transplantation is a way of assessing the presence and number of melanoma-initiating cells, and the host responses (recruitment of vasculature, metastatic potential and immune responses). To this end, the generation of the completely transparent Casper mutant (White et al., 2008) has been particularly instrumental for the ease of visualizing transplanted melanoma cells in adult fish.
With the aim of exploiting the advantages that zebrafish offer, several groups have undertaken efforts to establish zebrafish models of leukemia (Kalev-Zylinska et al., 2002; Langenau et al., 2003; Sabaawy et al., 2006; Chen et al., 2007; Yeh et al., 2008; Frazer et al., 2009 ). The majority of these efforts have tagged malignant cells with GFP, making the detection and monitoring of disease straightforward. Pathologically, these leukemia models resemble their human counterparts very closely. Leukemic blasts infiltrate the bone marrow and all body tissues, are clonal, and have an altered DNA index (Langenau et al., 2003; Langenau et al., 2005; Sabaawy et al., 2006; Frazer et al., 2009 ).
In addition, blasts can be serially transplanted into zebrafish recipients, allowing for the analysis of leukemia-initiating cell number and high-risk genetic features (Frazer et al., 2009) . The ease with which these transplantation experiments can be carried out and monitored by fluorescence microscopy is among the distinct advantages of these models.
The majority of zebrafish leukemia models rely on overexpression of proto-oncogenes that are misregulated in human leukemias; examples are c-Myc (Langenau et al., 2003) , MOZ/TIF2 (Zhuravleva et al., 2008) and NOTCH1 (Chen et al., 2007) , which all result in T-cell acute lymphoblastic leukemia (T-ALL). In keeping with the 'two-hit' model in human leukemias (Gilliland, 2001) , lymphoid malignancies in zebrafish also require additional hits for transformation. For example, in addition to the increased proliferative drive provided by c-Myc overexpression, the developing TALLs display deregulated tal1 and lmo2, adding differentiation arrest (Langenau et al., 2005) . One downside of c-Myc overexpression is the rapid onset of disease that precludes the conduct of additional genetic studies. The Look lab has devised two strategies to circumvent this problem by creating heat shock-and Cre/lox-inducible
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Zebrafish cancer models c-Myc transgenic lines (Langenau et al., 2005; Feng et al., 2007) . Mutated genes in familial cancers can reveal molecular pathways that are deregulated in sporadic cases. Heritable leukemias in humans are rare, making it difficult to identify the underlying mutations. To address this problem genetically, Frazer et al. conducted a forward genetic strategy to establish heritable models of T-ALL (Frazer et al., 2009 ). Here, mutagenized F1 and gynogenetic F2 offspring from the T-cell-specific lck::EGFP transgenic line (Langenau et al., 2004) were screened for dominant and recessive disease manifestations. Offspring were screened after they had reached sexual maturity to ensure the propagation of the identified mutants with leukemic phenotypes. The confirmed dominant and recessive leukemias had similar penetrance to human cases and otherwise mimicked oncogene-driven zebrafish models of T-ALL. Using gene expression analysis, all five subtypes of T-ALL (Ferrando et al., 2002) were identified in individuals with heritable zebrafish leukemia (N.S.T. and J. Frazer, unpublished) . Cloning of the underlying mutations promises to advance our understanding of leukemogenesis.
PRIMER
Efforts are also underway to identify cooperating proto-oncogenes and interacting tumor suppressors through enhancer and suppressor screens. The ease of inducing chemical mutations, and the large number of offspring that zebrafish can produce every week, make this model uniquely suited for such secondary screens.
Can we use zebrafish models to predict novel cancer markers?
Given the striking similarities between human and zebrafish tumors that have been reported in the literature (Amatruda et al., 2002) , the zebrafish cancer models are particularly well suited to predict novel cancer markers, identify molecular prognostic signatures and to establish their role in disease progression. Most importantly, monitoring these markers in zebrafish models subjected to drug treatments, and then comparing the changes with the response of human tumor cells in isolation, will provide an important contribution to the development of targeted therapies. Prognostic markers associated with different tumor types were found to correlate with disease progression, and therefore to represent useful readouts not only for a correct stratification of patients, but also in the context of therapeutic choices. Most of the markers are causally involved in aspects of the disease, whereas others have unknown functions. The zebrafish with its basic biology toolbox will be instrumental in discovering the role of these markers in disease progression, in closely monitoring changes during different disease phases, and in developing charts that can be used in cross-species comparisons of tumor progression and response to drugs. Moreover, the overlap signature between humans and zebrafish promises to hit on conserved and important cancer pathways. The first comparisons between human and zebrafish cancer transcriptomes (Shepard et al., 2005; Lam et al., 2006; Langenau et al., 2007; Dovey et al., 2009; Ung et al., 2009; Smith et al., 2010) have proved very useful to establish the degree of conservation, and to discover new players in the zebrafish tumors that are now in the process of being validated in human samples. Clear signatures comprising a small number of genes whose changes identify, precisely, the type and grade of a cancer sample could help to standardize diagnosis and prognosis of tumors, and therefore be extremely useful in the clinics. A few examples of clear signatures have been derived for the most frequent and highly studied cancers (i.e. breast cancer); however, for less frequent and less homogenous cancer types, the signatures (when available) are composed of hundreds of genes, obscuring important markers and limiting their clinical usefulness (Bianchi et al., 2007) . Genetic models that are defined precisely in terms of molecular landscape, stage and genetic background can reduce 'genetic noise' . One advantage of zebrafish models is that large numbers of tumors -particularly for rare cancers -can be analyzed in relatively homogeneous populations. We think that it is now possible, and highly desirable, to use both mouse and zebrafish cancer models to generate reference transcriptomes associated with specific cancer models. Finding identical cancer signatures across species as different as the human, mouse and zebrafish will help us to understand the complexity of genetic cancer programs, and will be instrumental in defining biologically relevant signatures.
Another possible avenue to the identification of markers of tumor aggressiveness was suggested recently by serial transplantation assays of zebrafish T-ALL (Frazer et al., 2009; Ignatius and Langenau, 2009; Taylor and Zon, 2009; Smith et al., 2010) Here, iterative transplantations of EGFP-positive blasts into irradiated recipients led to a more rapid time to death. This finding can be explained either by a change in gene expression profile or by an increase in the proportion of leukemia initiating cells (LICs) with successive rounds of transplantation. Comparing patterns of gene expression, promoter methylation, and DNA amplifications or deletions, at the beginning and the end of iterative rounds of transplantation may reveal signatures that confer aggressive behavior of T-ALL. As a single operator can easily carry out dozens of transplantations in one day, large numbers of datasets will be available for comparison, allowing particularly important 'aggressive' signatures to emerge.
The construction of a 'reference map' of the transcriptome, proteome, and epigenome of specific tumors at different developmental stages, or in response to treatment, would be extremely valuable. In the clinical setting, information on gene expression in a given tumor is restricted to only one time point (following excision) or, at the most, to two time points (after relapse or following excision of the metastasis). The use of genetic models of cancer facilitates the assay of the cancer transcriptome at different stages and allows the construction of a reference map for precise stratification of cancer/patient status and therapeutic monitoring. The process is illustrated in Fig. 2 , which summarizes the flow of information and can be applied to multiple samples and different data.
Can we use zebrafish cancer models to identify new therapies?
As efforts intensify to develop targeted therapies for specific oncogene/signaling pathways, the zebrafish may provide a platform for testing and refining these therapies in the preclinical phase of drug development. Conventionally, cell culture or biochemical assays have been employed to assess the biologic effect of chemical compounds. Although, at times, highly successful in identifying new treatments (Druker et al., 2001) , the vast efforts by pharmaceutical companies using this approach have not been met with commensurate success. Among the reasons for this is the frequent difficulty to translate test tube success into an in vivo system, where a drug has to be absorbed through epithelial barriers, is exposed to metabolizing enzymes, and then has to find its target. One option to obviate many of these caveats is to assess the effect of a drug on the organismal level at the screening stage. Here, the small size of zebrafish and their suitability for the direct readout of biologic processes offer new opportunities.
For example, assessing the response to treatment of leukemic blasts in adult zebrafish with EGFP-positive T-ALL is straightforward by fluorescence microscopy. Adding dexamethasone to fish water potently induces tumor lysis and the complete remission of affected individuals within several days of treatment (J. Frazer, N. Meeker and N.S.T., unpublished) . This opens the door for preclinical testing of anti-T-ALL drugs in an entire vertebrate organism. Although adult fish are not suitable for high-throughput in vivo drug screening, zebrafish embryos are uniquely suited for this purpose (Kaufman et al., 2009) . Of the currently available zebrafish tumor models, only two manifest in the embryonic to larval stage so that highthroughput screening in 96-well plates is feasible. The first is a heat shock-inducible AML1-ETO transgenic line that develops an acute myeloid leukemia (AML)-like phenotype at 2 days post-fertilization (Yeh et al., 2008) . By screening the 2000 known bioactive compounds from the Spectrum library (Microsource Discovery Systems), unexpected roles for cyclooxygenase-2 (COX2)-and -catenin-dependent pathways were uncovered that impinge on AML1-ETO function (Yeh et al., 2009 ). The second model is Ras-induced melanoma that manifests in the larval stages as melanotic expansion of pigment cells, making this model amenable to small molecule screens (Anelli et al., 2009 ).
Conclusions
The zebrafish is uniquely suited to contribute novel insights in cancer biology and provide a 'whole-organism test tube' for the rapid identification of cancer markers, the assessment of their functions, the study of host responses, and the development of anti-cancer drugs.
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Zebrafish cancer models The transcriptome of each genetic model can be studied at precise stages (rectangles) and subjected to cross comparisons (Venn diagrams) to generate stagespecific signatures (the non-overlapping parts of the colored circles). This process can be repeated for any number of cancer models, even from different species.
(B)These signatures will help to assign transcriptomes from unknown-stage human cancers to a specific class. In the left panels, the different shades of colored shapes identify stage-specific transcriptomes derived from animal models that, thanks to the large number examined, allow a single grade-specific signature (intensely-colored rectangles) to be derived. In the right panels, different transcriptomes from human cancer samples are assessed and assigned to a specific group. (C)A smaller number of 'predictor genes' can be derived from these cross-species comparisons, which can help to stratify patients to the correct cohort for prognosis and therapy follow-up. • Zebrafish models of leukemia were created through overexpression of proto-oncogenes that are misregulated in human disease
